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INVESTIGATION IN THE 7- BY 10-FOOT WIND TUNNEL Of DUCTS 



FOR COOLING RADIATORS WITHIN All AIRPLANE WING 
By Thomas A. Harris and Isidore G. Recant 



SUMMARY 



An investigation was made in the N.A.C.A. 7- by 10- 
foot wind tunnel of a large-chord wing model with a duct 
to house a simulated radiator suitable for a liquid-cooled 
engine. The duct was expanded to reduce the radiator 
losses, and the installation of the duct and radiator was 
made entirely within the wing to reduce form and interfer- 
ence drag. The tests were made using a two-dimensional- 
flow set-up \vith a full-span duct and radiator. 

Section aerodynamic characteristics of the basic air- 
foil are given and also curves showing the characteristics 
of the various duct-radiator combinations. An expression 
for efficiency, the primary criterion of merit of any duct, 
and the effect of the several design: parameters of the 
duct-radiator arrangement are discussed. The problem of 
throttling is considered and a discussion of the power re- 
quired for cooling is included. 

It was found that radiators could be mounted in the 
wing and efficiently pass enough air for cooling with duct 
outlets located at any point from 0.25c to 0.70<r from the 
wing leading edge on the upper surface. The duct-inlet 
position was found to be critical and, for maximum effi- 
ciency, had to be at the stagnation point of the airfoil 
and to change with flight attitude. The flow could be ef- 
ficiently throttled only by a simultaneous variation of 
duct inlet and outlet sizes and of inlet position. It was 
desirable to round both inlet and outlet lips. With cer- 
tain arrangements of duct, the pawer required for cooling 
at high speed was a very low percentage of the engine power 



INTRODUCTION 



Cooling and interference drag of the power-plant in- 
stallation on many present-day airplanes with externally 
mounted radiators absorbs from 14 to 20 percent of the . 
available power at high speed. The cooling drag of radi- 
ators can be materially reduced by mounting them in prop- 
erly designed ducts (reference l). Tests indicate that 
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interference drag is substantially decreased and a consider- 
able saving in total cooling po\?er is realized "by building 
these ducts into the wing. 

The energy loss in a ducted-radiator system built into 
a wing is comprised of the following components: 

1. An ext'ernal loss due to breaks in the wing sur- 

face at the inlet and the outlet of the duct . 

2. An internal loss due to friction on the duct walls, 

rate of duct expansion, and obstructions. 

3. An internal loss due to the radiator core. 

4. A loss caused by the weight of the radiator and 

the duct. 

The present investigation, which is part of a compre- 
hensive study of radiators in wing ducts, is primarily 
concerned with the determination of the optimum inlet and 
outlet positions and sizes for minimum total cooling poorer; 
no attempt is made to separate and measure the individual 
losses. The investigation has also been confined to tests 
of a model representing a cold standard Army 9-inch-core 
Prestone radiator. The effects of duct inlet and outlet 
position, size, and shape were investigated with radiators 
of several heights located at two different positions 
within the wing. The data are sufficiently complete to 
permit the rational design of efficient duct and radiator 
combinations within the wing, although due consideration 
must be given to the fact that they were obtained from two- 
dimensional-flow tests and allowance must be made when 
they are applied to ducts of finite span. 



APPARATUS AND TESTS 
Airfoil 



The basic model, or plain airfoil, tested has a chord 
of 3 feet and a span of ?"feet. The N.A.C.A. 23017 sec- 
tion was used because it is representative in thickness of 
wings in which radiators are likely to be installed and 
also because the results could be compared with results 
from tests of a wing of this section in the full-scale tun- 
nel. The model (fig. 1 )" was built with solid nose and 



3 



trailing-edge pieces and has five solid ribs. The wing 
was covered with prcssed-wood hoard to the required profile 
with an accuracy of ±0.015 inch. Openings could he made 
at practically any point on the upper or lower surface of 
the wing for taking in and discharging air and there was 
no internal structure to interfere with installation of 
the ducts. 

Ducts 

The ducts were built into the four compartments of 
the wing and were full span except for the ribs (fig. l). 
The inlet and outlet of each duct were made of solid wood 
or netalj the top and the bottom of the duct to the radios- 
tor were of plywood or flat metal, the wing ribs forming 
the ends. The inlet and outlet positions of tho ducts 
were selected from considerations of pressure distribu- 
tion and location of the stagnation point at various an- 
gles of attack. 

Duc t desi gnation.- The various ducts tested are des- 
ignated by groups of four numbers to show tho position and 
size of the inlet and outlet openings at the sxirface of the 
wing (figs. 2 to 7). The designations give approximately 
the position and size of the openings at the surface in 
percentage of wing chord. The exact positions and sizes 
of the various surface openings are shown in the sketches 
and tables. 

The key to the designations is as follows: 

inlet size - inlet position - outlet size - outlet position. 

1. The first number in the group refers to the mini- 
mum size of inlet opening and is shown by the letter y 

in tho sketches. 

2. The second number refers to the position fron the 
leading edge on the wing surface of the first break in the 
surface at the inlet. This distance is shown by the lot- 
ter x for distances on the lower surface of the wing 
parallel to the chord line back of the leading edge, and 
by the letter x a for distances perpendicular to and above 
the chord line; for this case the second number is followed 
by an appended a, as la, 2a, etc. 

3. The third number gives tho size of the outlet and 
is shown by the letter p on the sketches. 
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4. The fourth nunber refers to the first "break in 
the upper surface of the wing at the duct outlet and is 
shown "by the letter o on the sketches. Thus, a duct des- 
ignated 5-1-8-70 has an inlet opening 6 percent of the wing 
chord with the first break in the surface 1 percent of the 
wing chord behind the leading edge. The outlet opening is 
8 percent of the wing chord and is located 70 percent of 
the wing chord behind the leading edge. 

Du ct combinations tested.- In figures 2 to 7 the up- 
per sitotch shows the various inlet shapes tested and the 
lower sketch is a sectional view of the due* ' showing the 
general arrangement; the table shows the proportions of 
the various duct combinations and arrangements tested. The 
positions and sizes of the inlet and the outlet openings 
are accurate to within tO.OOlc. 



Radiators 

In the tests, the radiator (as has often been done 
heretofore) is simulated by a screen. The. radiator chosen 
for representation was a standard Army 9-inch-core type 
made of 0 . 23-inch-diameter tubes with a 64,5-percent free- 
area ratio, f. 

The screen used to represent the radiator is made in ■■ > 

four sections of brass plate l/4-inch thick with a suita- 
ble number of l/4-inch holes so that the pressure drop for 
a given flow is the same as for the actual radiator. 
Tests of various screens showed that, for an approximate 
representation of the radiator, the screen should have a 
free—area ratio of about 42 percent. 

A comparison of the characteristics of the radiator 
and of the screen is shown in figure 8. In this figure 
the pressure drop AP through the radiator or screen in 
terms of the dynamic pressure at the face of the radi- 

ator or screen is plotted against the air velocity in the 
duct Y R . The radiator cannot be exactly represented at 
all velocities by this screen beaause of scale effect on 
the radiator; nevertheless figure 8 shows that, for the 
duct velocities encountered in the tests (30 to ,40 miles 
per hour), the deviation of the screen from the radiator 
is small. This method of representation is therefore be- 
lieved to be satisfactory; and, furthermore, there is close 
agreement between the amounts of air passing through the 
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screen and the radiator when they are installed in duets 
outside the wing, the screen permitting 46 percent to pass 
and the radiator, 44 percent. 

In order to measure the quantity of air passing through 
the duct without making detailed. surveys for each arrange- 
ment, static-pressure and total-head tubes were "built into ■ 
one section of the radiator (the screen will he referred 
to hereinafter as a "radiator") as shown in figure 9, Cal- 
ibration showed that such an arrangement was not very sen- 
sitive to air direction and that the quantity of aixr could 
he measured to within ±2 percent with duct arrangements 
similar to those used in the tests. The calibration also 
showed that the difference in pressure "between the total- 
head and the static-pressure tubes was directly proportion- 
al to the dynamic pressure ahead of the radiator. The 24 
pairs of the total-head and the statio-pre s sure tubes were 
connected to a special multiple manometer for measurement 
during the tests of the dynamic pressure in three vertical 
and in eight horizontal planes in the holes of the radia- 
tor. The dynamic pressure ahead of the radiator was deter- 
mined from the calibration constants. The radiator secre- 
tion, with the measuring unit was mounted in one of the in- 
board wing compartments. 

Radiators of different heights were obtained by alter- 
ing the duct in such away as to block off equal amounts 
on the top and the bottom of the radiator. (See fig. 3. ) 



Wind Tunnel and Balance 

The 1T.A.C.A. 7- by 10-foot closed-throat wind tunnel 
and balance described in references 2 and 3 were used for 
making the tests. 

Tests 

The two-dimensional-flow installation described in . 
reference 2 was used for the tests. The model completely 
spans the jet vertically in this installation and the re- 
sults obtained are practically section characteristics. 

A dynamic pressure of 16.37 pounds per square foot 
was maintained for all the tests and corresponds to an air 
velocity of about 80 miles per hour under standard sea- 
level . atao spheric conditions and to an average test 
Reynolds llumber of 2,190,000. 
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Tests were first made to obtain the characteristics 
of the plain wing for comparison with the various wing- 
duct combinations to he tested. The plain wing and the 
wing with the various duct arrangements were tested over 
the complete angle-of -attack range from zero to maximum 
lift. Data were obtained at 2° increments in angle of at- 
tack for all arrangements-. Lift, drag, and pitching mo- 
ment were measured for all combinations and, in addition, 
the quantity of air flowing through the radiator was meas- 
ured for all arrangements with ducts. 



RESULTS AO DISCUSSION 
Coefficients 

All aerodynamic characteristics of the wing with or 
without ducts are given in standard section nondimensional 
coefficient form, corrected as explained in reference 2. 

a Q . section angle of attack. 

c-j, , section-i lift coefficient (l/qc). 

Ca ', section profile-drag coefficient (d 0 /qc) 
o 

c n , section pitching-moment coefficient about aero-* 

a " c " dynamic center of plain wing (m a>c> /qc s ). 

where 

I is the section lift. 

d 0 , section drag. 

m a.c.' section pitching moment about aerodynamic center. 

q, dynamic pressure (■§ p V s ) . 

c, . chord of vring. 

In addition, the section characteristics of the duct are 
given in the following nondimensional form. 

ir R /T, duct section flow ratio. 

T), over-all duct section efficiency (Q 0 AP/ Ad 0 V) 



whero T- 



is the air velocity in duct at face of radiator. 



V, air velocity in free stream, or flight speed. 

Q, 0 , quantity of air passing through duct per unit 
frontal area. 

AP, pressure drop through radiator per unit frontal 
area. 

A& Q , increase in section profile drag caused "by the 
duct at any given lift coefficient. 

The flow ratio V R /V is a measure of the quantity of 
air flowing through the radiator per unit frontal area. 
At a given flow ratio, the size of radiator required for a 
given installation nay "be determined, when the flight speed 
7 and quantity of air Q, are knowit, from the relationship 
Q = AV E , or 




where A is the area of the radiator. 

The efficiency T[ of a given installation 
rion of the relative merit of the arrangement, 
pression for efficiency was derived as follows: 

T) - useful work _ P_g 
total work Pj 

which is a "basic efficiency formula. In this expression 
the useful work is considered to "be the power expended in 
forcing the air through the radiator and the total work is 
the additional power required to pull the ducted wing 
through the air. Then 

P c = Q,Ap = APAVr = E q R A 7 R 
P T = Ad o V = Ac do q S V 

(see fig. 8) and other symbols have "been previously defined. 



is a crite- 
The ex- 



and 
where 
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Therefore, TJ = £— 3 (-f) (2) 

where S is the area of the wing. The total power re- 
quired for a given installation may then bo obtained from 
the expression 

where p is the mass density of the air. 

Substituting the expression given by equation (l) for 
A, equation (S) becomes 

P, . § p V 3 KQ ^ (4) 



P _ B " JJL1 (5) 
P T ~ S T| ^ 

where - ig the wing loading of the airplane 
Por unit quantity and unit wing loading 

so that at any given speed the power will be a minimum 
when the ratio ^ is a minimum., 

The expression for duct efficiency is not an absolute 
criterion of merit for the complete cooling installation. 
It is merely "pump efficiency" and is a measure of the duct 
loss in terms of the radiator loss. An efficiency of 1.0 
(100 percent) indicates that the duct itself is not con- 
tributing to the increase in drag as measured or that favor- 
able interference effects compensate for all losses except 
the loss through the radiator. Therefore, two duct-radiato: 



(Is) 
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installations , . each having the same efficiency, nay not 
have the same merit; that is, one may absorb more power 
than the other. The detrrmining factor would then he the 
flow ratio, the one with the smaller flow ratio requiring 
less powor. The total-power equation shows that the power 
is inversely proportional to the efficiency and directly 
proportional to ' the square of V R /V, which indicates very 

large radiators. The final selection of radiator size 
will therefore he a compromise arrived at from considera- 
tions of the weight of the radiator installation. 

Efficiencies greater than 1.0 can he explained by fa- 
vorable interference effects that more than counterbalance 
the duct losses. 



Precision 

The accuracy of the various components measured in the 
force tests is: 

a ±0.1° c do at c l = 0 ±0.0003 

c, ±0.03 c, at c, = 1.0 ... ±0.0006 

l max d o 1 

c m ±0.003 c, at c, ...... ±0.0020 

m a.c. a o ''max 



Although the error in the determination of the dynamic 
pressure in the duct q R is no greater than 2 percent, the 

error in the flow ratio may be much larger, as Yjj- 

has been' determined from the average q E obtained by a 

mechanical integration of the dynamic-pressure surveys at 
the radiator. This error is also present in the computa- ' 
tion of efficiency. The magnitude of the error in the 
flow ratio, however, is an inverse function of the uniform- 
ity of the dynamic-pressure distribution across the face 
of the radiator. All duct arrangements with efficiencies 
above about 0.6 have a very nearly uniform- dynamic-pressure 
distribution over the radiator, and the error in 7-g. 
caused by this method of computation is less than 2 percent 
for cases checked by integration of /q^ distributions. 

For low efficiencies, nay be in error as much as 25 

percent; the lower the efficiency, the greater the error. 
The low efficiencies are, in general, a result of burbled 
air flow on either the upper or the lower entrance lip, 
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which causes a large increase in drag and a nonuniform 
dynamic-pressure distribution at the radiator. Such arrange 
ments are of no practical interest and it was considered 
that the additional work required to obtain 7^ more accu- 
rately was not justified. The ratios of %/V and T) 

(as affected by Tr) are believed to be accurate to within 
±4 percent for all cases where T) is greater than about 
0.6. This procedure also assumed the flow to be symmetri- 
cal in the compartment in which it was measured 'and to be 
of tho sane value in the other three wing compartments. 
An additional error nay be introduced into the efficiency 
by inaccuracy in drag measurement and the consequent error 

in the determination of Ac A . 

a o 

Plain Airfoil 

The section aerodynamic characteristics of the plain 
1T.A.C.A, 23017 airfoil, as determined from the two-dimen- 
sional-flow tests, are given in figure 10. There is some 
variation between these characteristics and those obtained 
from finite-apan-model tests corrected to infinite aspect 
ratio. The slope of the lift curve, and the minimum pro- 
file-drag coefficient are slightly higher for the two- 
dimensional-flow set-up; the pitching-moment coefficients 
about the aerodynamic center are approximately eq,ual. The 
chordwise location of the aerodynamic center is about the 
same in both cases, but its vertical distance above the 
chord is greater for the finite-span nodel. The degroe of 
variation of the 1I.A.C.A. 23017 airfoil characteristics as 
obtained by each of the previously mentioned methods is 
about the same as the variations of the H.A.C.A. 23012 air- 
foil characteristics when obtained by finite-span and two- 
dinensional-flow tests. (See reference 2.) 



Airfoil with Ducts 

Dyjiajaig-pressure distributio n at radiator,- figure 11 
gives sample vertical and horizontal dynamic-pressure dis- 
tributions at the face of. the radiator at low and high an- 
gles of attack for two ducts, each having inlet radii of 
0.005c, outlet radii of 0.08c, radiator heights of 0.14c, 
and radiator location of 0.20c behind the leading edge. 
Duct 8-la-8-25 (fig. 7(a)), which is used for illustration 
of high angle-of-attack distribution, shows a fairly uni- 
form vertical distribution (fig. 11(a)), although the dynam- 
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ic pressure falls off near the bottom of the duct, probably 
owing to flow separation over the lower lip. In the case 
of duct 5-4a-3~"2 at 2° angle of attack, it can be seen 
from figure 7(b) that the inlet angle is not excessive and 
that the duct is fairly symmetrical about the center line 
of the tube of air entering it, so that the vertical dis- 
tribution (fig. 11(a)) is therefore quite uniform. She 
horizontal distribution (fig. 11(b)) for both ducts is 
very regular. It is to be remarked that ducts which give 
fairly uniform distribution have reasonably high effi- 
ciencies. Conversely, poor distributions are associated 
with low efficiencies.* 

Effe ct of ducts on plain-wing, cha ract er istics . - In 
general, the duc-ts increase the drag, decrease the maximum 
lift, and shift the lift curve so as to give a lower lift 
at the same angle of attack than the plain wing. The drag 
increase is, of course, due to the breaks in the wing sur- 
face, to the radiator, to the friction of the duct walls, 
etc. The decrease in lift and the shift of the lift curve 
are probably duo to the energy losses in the duct, which 
result in a decrease in circulation around the wing. In 
several instances where the outlet openings arc small, 
causing high outlet speeds, the maximum lift does not drop 
off and sometimes surpasses the maximum lift of the plain 
wing. 

Effect of in let radii .- Figure 12 shows the effect 
of (a) lower lip and (b) upper lip inlet radii. The 
c, increases with an increase in the radius of either 

max 

lip until a radius of 0.005c is reached. For this value 

of upper-li-D radius, the c-, is nearly the same as 

''max 

that of the plain wing. Further increase in the ' radius 
has either no effect or an unfavorable one. 

The flow ratio, Vr/V, is practically unaffected by 
the radius of either lip at high speed (low lift coeffi- 
cients) until a value of 0.005c is reached. Larger radii 
are unfavorable. At low-speed lift coefficients, Vr/V 
increases with an increase in lower-lip. radius but is un- 
affected by the upper-lip radius. 

At low speed (high lift coefficients) the efficiency 
T] increases with an increase in the lower-lip radius, 
and is practically unaffected by upper-lip radii of 0.005c 
or below. At high speed (low lift coefficients) a radius 
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of either lip greater than 0.005c has an unfavorable ef- 
fect on the efficiency. All subsequent tests were therefore 
made with both inlet radii of 0.005c. 

Effect of outlet radius.- Figure 13 shows the effect 
of outlet radius (a) with the outlet at 0.70c, (b) with 
outlet at 0.45c, and (c) with outlet at 0.25c. It is in- 
teresting to note that the 0.08c radius gives the highest 

Ci no matter which outlet position is chosen, but it . 

b max: . 

is possible that this value holds only for the N.A.C.A. 
23017 airfoil section. In all cases the flow ratio V R /T 

decreases with a decrease in outlet radius. .This effect 
is to be expected since the smaller the radius, the smaller 
the opening on the upper surface of the wing, 

The efficiency at high-speed lift coefficients de- 
creases with a decroase in the outlet radius for all out- 
let positions, although the degree of decrease varies with 
the outlet position*. At low-speed lift coefficients the 
efficiency increases with a decrease in outlet radius with- 
in limits, This result is clearly shown at the 0,25c out- 
let position (fig. 13(c)), where at high lift coefficients 
the efficiency increases as the radius decreases from 0.20c 
to 0,08c. TThen the radius is decreased to zero, however, 
the efficiency is sharply reduced. 

It is evident from figure 13(c) that a rounded outlet 
is desirable because of its favorable effects on T|, V K /V, 

and c 7 . The best radius size is arrived at by compro- 
l aax _ 

mise and varies with the outlet position. With outlet po- 
sitions between 0.45c and 0.70c, a 0.25c radius gives the 
best results. As the outlet position moves forward from 
the 0«45c point, the radius should become smaller and, at 
the 0.25c position, an 0,08c radius is best. 

l£f.e_c.t . ..of r adia tor -oositipn .- Two radiator positions 
were investigated with the duct outlet at 0.70c; the results 
arc shown, in , figure 14. The flow ratio and the efficiency 
are both decreased when the' radiator position is moved 
ahead from 0.50c to 0.20c. This result, which was antici- 
pated, is caused by the excessive duct inlet angle and 
consequent large duct losses when the radiator is in the 
forward position. It was' necessary, however, to locate 
the radiator in the forward position in order to investi- 
gate outlet openings near the leading edge of the wing 
where larger pressure differences are available for forcing 
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air through the radiator. It will he shown later that high 
efficiencies and flow ratios nay "be obtained with the radi- 
ator in the forward position, and with the outlet near the 
leading edge. 

Effect of inl et -p ositio n.- Figures 15 to 17 show the 
effect of inlet position. It can he seen from the figures 
that, whereas the c 7 is only slightly affected "by va- 

max 

riation of position from the leading edge to 0.02c behind 
the leading edge; movement of the position above the chord 
causes the c 7 to fall off, the magnitude of the loss 

max 

varying with the distance above the chord. Positions 0.01c 
to 0.02c back of the loading edge markedly decrease the 
slope of the lift curve in tho high-speed range 

The flow ratio increases as the inlet position moves 
forward and above the chord. This increase is most marked 
at the high-speed lift coefficients, probably owing to the 
fact that, for positions behind tho leading edge and below 
the chord, the upper lip makes a large angle with the air 
flow and causes considerable burbling. 

The efficiency increases considerably as the inlet 
position is moved forward and above the chord, particular- 
ly at low lift coefficients. This increase is probably 
due to the increase in the flow ratio, because the drag is 
increased as the position moves forward. Apparently, the 
flow increases much faster than does the drag. Thus, it 
is possible to obtain efficiencies from 0.85 to 1.0 for a 
lift coefficient range of 0.2 to 0.8 for any outlet posi- 
tion. 

The results presented in figures 15 to 17 show quite 
clearly that it is impossible efficiently to throttle tho 
flow by variation of inlet position alone. For example, 
figure 15(a) shows that approximately proper throttling 
from low-speod . f low ratio to high-speed flow ratio may bo 
obtained by varying the inlet position from 0.02c above 
the chord to 0.02c behind tho loading edge as flight speed 
is increased. Under such conditions, the efficiency of 
the arrangement will drop from about 1.0 at low speeds to 
about 0.2 at high speeds with the consequent increase in 
power required. 

E ffe ct o f outlet p os i tio n.- Figure 18 shows the effect 
of outlet position (a) with the radiator at the 0.50c 
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point and (t>) with the radiator at the 0.20c point. The 

c 7 decreases slightly as the outlet position is moved 

''max 

forward from the 0.70c point to the 0,45c point. Addition- 
al movement forward of the outlet causes a sharp decrease 
in c, . The shape of the lift curve is markedly changed 
''max 

as the outlet . po sition is moved forward. Also, there is a 
small unfavorable shift of the lift curve as the outlet is 
moved forward. 

The flow ratio slightly increases as the outlet moves 
forward from 0,70c to 0,45c, hut additional forward move- 
ment causes it to increase rapidly until, at the 0.25c- 
point, it approaches 0,44 for a lift coefficient corre- 
sponding to climb. This value is ahout equal to the flow 
ratio of the radiator exposed in a free air stream so 
that, with the 0,25c outlet, it would "be possible to use 
a radiator that would "be no larger than those used in ex- 
ternally exposed installations. 

The efficiency at low-speed lift coefficients is, sub- 
stantially reduced as the outlet position is moved forward, 
varying from 1,0 at the 0.70c outlet to 0.65 at the 0,25c 
outlet. At high-speed lift coefficients, however, the ef- 
ficiency is practically unaffected as the outlet position 
is moved forward, provided that the proper inlet position 
is used. 

Effect of inl et, size.- The effects of duct inlet size 
with three heights of radiator are shown in figure 19 with 
the duct outlet at 0.70c. The c. decreases with de- 

^ max 

creasing inlet size but, with inlet and outlet size the 

same, the c 7 is about the same as for the plain wing 

" max 

with any of the radiator heights. Some boundary-layer 
control is obtained with the inlet opening slightly larger 
than the outlet (fig. 19(c)) and a slight gain in maximum 
lift is obtained over that of the plain wing. The shift 
in lift at a given angle is about the same in all cases. 

The flow ratio decreases, as might be expected, with 
decrease in inlet size for all radiator heights. It is 
of interest to note that the maximum flow' ratio obtained 
with any of those arrangements is about the same in spite 
of the fact that the relative size of surface openings to 
radiator height is much greater for the smallest radiator. 
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The efficiency, in general, decreases as the inlet 
size decreases if the inlet size is never larger than the 
outlet, size. With the radiator height of 0.14c (fig. 19(a)), 
the efficiency decreases when the inlet size is increased 
from 0.06c to 0.08c over the flight range from climb to 
high speed. It is believed, however, that this decreaso 
is a result of the poor ontry shape of tho upper lip with^ 
the 0,08c inlet size. The efficiency also decreases with"! , 
decreasing height of radiator, which indicates that, for ■ 
best results, the duct span at the wing surface should bo j 
as small as possible. 

Tho results plotted in figure 19 show that the inlet 
opening should be about the same size as the outlet open- 
ing for best results and that the inlet area should be 
about 70 percent of the free area of the radiator when the 
radiator height is a maximum. The results also show that 
it is impossible to throttle the flow efficiently by vari- 
ation: of inlet size alone in a chordwiso direction. It 
may bo possible to throttle the flow efficiently by a vari- 
ation of the inlet size in a spanwise direction, but this 
method of throttling could not be employed in these tests. 

The effect of inlet size with the duct outlet at 0.45c 
is shown in figure 20. The effects of varying the inlet 
size with this outlet position are about the same as for 
the outlet. at 0.70c. The flow ratio is slightly greater 
for this outlet position with the optimum sizes of inlet 
and outlet. The highest efficiency is obtained with the 
inlet and outlet opening about the same size but it is 
slightly less than with the outlet at 0.70c. 

The effect of variation of inlet size. with the outlet 
at 0.32c is shown in figure 21 for two outlet sizes and 
two inlet positions. If a flow ratio of 0.44 is available 
at climb, the ducts shown in figure 21(b) give about the 
required amount of flow for high speed and, at the same 
time, the lift curves are shifted only a small amount. An 
efficiency of about 0.90 with the proper flow ratio can be 
obtained with tho duct inlet 0.04c above the chord but, 
with this inlet position, there is a large loss in maximum 
lift coefficient. Both the efficiency and the flow ratio 
increase with increase in inlet size at climb or low speed. 
The large loss in efficiency with the smallest inlet open- 
ings nay be attributed to burbled air flow in tho duct be- 
cause of the angle at which the air enters the duct and 
the largo expansion angle in the duct. 
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The effect off inlet size on the various parameters is 
about the sane with the outlet at 0.28c (fig. 22) as with 
the outlet at 0.32c. The flow ratio is higher because of 
the larger outlet size. This outlet position is an inter- 
mediate position of an arrangement that was designed for 
throttling by movement of the upper outlet lip. 

With the outlet at 0.25c (fig. 23), the variation of 
inlet size had about the sane effect as for the other out- 
lot positions. When the inlet is 0.01c above the chord 
(fig. 23(a)) and the outlet and inlet are the same size, 
the highest efficiencies are obtained at climb with a flow 
ratio of .about 0.4-5. The large loss in maximum lift nay 
be recovered by reducing the outlet size to that of the 
arrangement . shown in figure 21(a). A further discussion 
of throttling this arrangement will be given later. With 
the inlet 0.04c above the chord (fig. 23(b)), the results 
are not of much interest because of the large flow ratio 
at high speed, the drop in efficiency at climb, and the 
largo loss in maximum lift coefficient. 

Effect of outlet size.- The effect of a variation in 
the outlet size with "the outlet at 0.70c (fig. 24) is typ- 
ical of the effect with the outlet at the other locations. 
From these re.sults it may be seen that, regardless of radi- 
ator height, the lift curve is shifted favorably as the 
outlet size is .decreased. Furthermore, when the outlet 
size is small compared with the inlet size, boundary-layer 
control is obtained and the maximum lift coefficient is 
markedly increased over that of the plain airfoil. The 
flo\? ratio, as might be expected, decreases with decreas- 
ing outlet size. In every case, however, when the outlet 
size is decreased to throttle the flow at high speed, the 
efficiency is greatly reduced although the power required 
for cooling may be decreased. The arrangement with the 
entrance 0.02c above the chord line (fig. 24(c)) does, 
however, give 'an efficiency of over 0.80 when approximate- 
ly throttled for high speed by a variation of only outlet 
size. This result is not obtained in climb, where some 
boundary-layer control is obtained and the efficiency is 
increased as the outlet sizo is decreased for the 0.14c 
radiator. (See fig. 24(a), (b), and (c).) A comparison 
of figures 21 to 23 shows the same results with the outlet 
located between 0.25c and 0.32c (arrangements that were 
designed for throttling) as with the 0,70c outlet position. 
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Application of Data. 

S elect ion of duct for th rottling.- For automatic throt- 
tling of a given duct arrangement, it is necessary that 

"be the sane for all speeds or that the flow ratio he 
proportional to the square root of c\ , -i.e., 

' -| = K 1( /cf (?) 

Practically none of the arrangements satisfy this condi- 
tion, the flow usually "being too high at low' lift coeffi- 
cients. Whenever a particular duct gives a flow ratio 
approximately following this law, the efficioncy is very 
small at high speed. It is therefore necessary to use 
some mechanical means of throttling the flow while main- 
taining a high efficiency at high speed. It has already 
been shown that efficient throttling at this speed proba- 
bly cannot "be obtained "by decreasing chordwise inlet or 
outlet size alone. An analysis of the test results shows 
that it is possible efficiently to throttle the flow "by a 
simultaneous variation of the inlet and outlet sizes and 
also by a variation of the inlet position. The flow ratio 
at climb probably determines the size of radiator necessary 
for cooling and, if it is desired that the radiator in the 
duct he no larger than one fully exposed to the. air, this 
ratio should "be ahout 0,44. Duct 8-la~S-25 (fig, 23(a)) 
has a flow ratio of 0.45 and an efficiency of 0.84 at 
Ci - 0.7, an assumed lift coefficient for climb. This 
duct arrangement shifts the angle of attack for the given 
lift ahout 4° hut, since the duct width will probably be 
small, it is believed that the change in the induced drag 
will not be large. This additional drag may be computed. 

It has been assumed, for illustration, that high speed 
will occur at c^ = 0.25. Now from equation (7) the flow 

ratio at high speed for satisfactory cooling should be 0.27. 
Duct 5-4a~3-32 (fig. 21(b)) gives nearly the correct flow 
ratio with an efficiency of 0.92 at high speed. The shift 
in the angle of attack for c^ = 0 . 25 is only about l/2° 

and, therefore, the additional interference drag should be • 
negligible. In order to obtain an arrangement with exact- 
ly the correct flow ratio and the highest efficiency, it' 
is necessary to cross-plot (from figs. 21(b), 22(b), and 
23(b)) the flow ratio and the efficiency against outlet 
size. (The actual outlet size should be used in this plot.) 
This method has been used for c, = 0.25 and the result 
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is shown in figure 25(a). From figure 25(a) the efficien- 
cy for a flow ratio of 0.27 has "been plotted against inlet 
size with the outlet size indicated on the plot, as shown 
in figure 25(b). The optimum arrangement with the flow 
ratio of 0.27 has an inlet opening of 0.052c and an outlet 
opening of 0.040c, which gives an efficiency of about 0.93. 
The cooling power required for this duct with the flow 
throttled will therefore be about 10 percent less at high 
speed than at climb since, for a given installation prop- 
erly throttled for all speeds, the cooling power varies 
inversely as the efficiency. Such a method of throttling 
would be practicable in a design having the upper and the 
lower inlet lips and the upper outlet lip adjustable. In 
order to recover the section lift for landing, the inlet 
opening should be set for climb and the outlet opening, for 
high speed. 

lone of the data presented herein show whether it 
will be possible to obtain cooling on the ground but it is 
probable that, with an arrangement having adjustable sizes 
of inlet and outlet and variable inlet position, cooling 
may be obtained on the ground if the duct is located in 
the propeller slipstream. 

Poller re qui red for cooling .- The. power required for 
cooling has been given by equation (3) 



This equation may be rewritten in terms of horsepower and 
gives, when the value of K = 3.7 is substituted, 



where Y is in feet per second and A is in square feet. 
If, for duct arrangement 8-la-8-25 (fig. 23(a)), it ,is as- 
sumed that the flight speed is 170 feet per second at climb 
and that the quantity of air required to cool a 1,000- 
horsepower engine with Prestone cooling is 283 cubic feet 
per second, then from equation (l) 





(?) 



A = 




0.45 x 170 



28 3 



= 3.7 square feet 
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V E /Y = 0.45 at ci = 0.7 from figure 23(a). Also from 
this figure, T| is equal to 0.84 at c^ = 0.70. The to- 
tal horsepower required for cooling, neglecting secondary 
interference effects and radiator weight, will "be: 

hrs _ (1.85) (0.002378) (3.7) (0.45) 3 (170) 3 
?T " 0.84 X 550 .p. 



This arrangenont has a radiator of about the same si?e as 
a conventional arrangenont and is believed to use about 
1.5 percent of the engine power for cooling at climb. At 
high speed, if throttled as indicated in the previous 
section, the total horsepower required will be 

hprp = ™-§! 15.8 = 14.3 horsepower 

or only 1.5 percent of the engine power as compared with 
present liquid-cooled installations that use from 14 to 20 
percent of the engine power for cooling. 

Equation (6) shows that the total cooling power is 

(V R /Y) 2 

proportional to the ratio — -- . Hence, it is possible 

for the efficiency T| to be quite low without any increase 
in cooling power if there is a corresponding decrease in 
the flow ratio The following table compares some 

of the better duct-radiator combinations on a power basis 
at climb and at high speed for unit quantity of air and 
wing loading. 

TThen the table (p. 20) is used it must be kept in 
mind that ,. although some combinations with small efficien- 
cies require low power for cooling, the small flow ratios 
which make such a condition possible necessitate larger 
radiator frontal areas and, consequently, greator radiator 
weights. It will probably be necessary to compute the ef- 
fect of added weight for each individual installation, and 
a complete analysis of the problem is desirable. Treat- 
ments of the effect of radiator weight may be found in 
references 1 and 4. 
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conclusions 



The results of tho tests reported herein showed that! 

1. The power required for cooling was only the power 
required to force air through the radiator for optimum 
duct-radiator arrangements within the wing. 

2. The duct inlet position for maximum efficiency- 
was dependent upon the angle of attack, 

3. Maximum efficiencies were obtained when the stag- 
nation, point on the airfoil was at the duct-inlet opening. 

4. The quantity of air could he efficiently throt- 
tled "by -a simultaneous variation of duct inlet and outlet 
size and of inlet position. 

5. High efficiencies could "be obtained with the out- 
let at any position on the upper surface of the wing from 
25 to 70 percent from the leading edge. 

6. Radii wero desirable on both the upper and lower 
inlet lips and on the lower outlet lip. 

7. For maximum efficiencies, the span wise duct open- 
ings should be as short as possible. 

8. The best efficiencies wore obtained with the duct 
inlet and outlet approximately the same size, neglecting 
the expansion of air due to a hot radiator; 

9. The computed power required for cooling with a 
good duct-radiator combination for any flight condition 
was less than 2 percent of the engine power. 



Langley Memorial Aeronautical Laboratory, 

national Advisory Committee for Aeronautics, 
Langley Field, 7a. , June 9, 1938. 
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FIGURE LEGENDS 



Figure 


1.- 


Diagram of plain wing. 




Figure 


2.- 


Duct 


arrangements 


with 


various inlet radii. 


Figure 


3.- 


Duct 


arrangements 


with 


various radiator heights. 


Figure 


4.- 


Duct 


arrangement s 


with 


various outlet sizes. 


Figure 


5.- 


Duct 


arrangement s 


with 


outlet at 0.70c and radia- 


tor 


.at 


0 ,20c 


• 






Figure 


6.- 


Duct 


arrangement s 


with 


outlet at 0.45c. 


Figure 


7.- 


Duct 


arrangement s 


with 


outlets from 0.25c to 



0.32c. 

Figure 8.- Comparison of screen and radiator pressure drop. 

Figure 9»- Fre s sure- tube locations on screen. 

Figure 10.- Section aerodynamic characteristics of N.A.C.A. 
23017 airfoil. 

Figure 11.- Dynamic-pressure distribution at radiator for 
ducts 8-la-8-25 and 5-4a-3-32. Entrance radii, 0.005c; 
exit radius, 0.08c; radiator height, 0.14c; radiator 
location, 0.20c. 

(a) Vertical distribution. 

(b) Horizontal distribution. 

Figure 12.- Effect of inlet radii. 

(a) Lower lip. 

(b) Upper lip. 

Figure 13.- Effect of outlet radius. 

(a) Outlet at 0.70c. 

(b) Outlet at 0.45c. 

(c) Outlet at 0.25c. 

Figure 14.- Effect of radiator position. 

Figure 15,- Effect of inlet position with outlet at 0.70c. 

(a) Inlet size, 0.06c. 

(b) Inlet size, 0.08c. 
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Figure 16.- Effect of inlet position with outlet at 0.45c. 

Figure 17.- Effect of inlet position. 

(a) Outlet at 0.25c. 

(b) Outlet at 0.28c. 

(c) Outlet at 0.32c. 

Figure 18.- Effect of outlet position. 

(a) Radiator at 0.50c. 

(b) Eadiator at 0 .20c . 

Figure 19.- Effect of inlet size with outlet at 0.70c. 

(a) Eadiator 0.14c high. 

(b) Eadiator 0.10c high. 

(c) Eadiator 0.06c high. 

Figure 20.- Effect of inlet size with outlet at 0.45c. 

Figure 21.- Effect of inlet size with outlet at 0.32c. 

(a) Inlet position 0.01c above chord. 

(b) Inlet position 0.04c above chord. 

Figure 22.- Effect of inlet size with outlet at 0.28c. 

(a) Inlet position 0.01c above chord. 

(b) Inlet position 0.04c above chord. 

Figure 23.- Effect of inlet size with outlet at 0.25c. 

(a) Inlet position 0.01c above chord. 

(b) Inlet position 0.04c above chord. 

Figure 24.- Effect of outlet size with outlet at 0.70c. 

(a) Radiator 0.14c high. 

(b) Inlet position 0-.01c above chord. 

(c) Inlet position 0.02c above chord. 
( d) Eadiator 0.01c high. 

Figure 25.- Duct inlet and outlet sizes for throttling. 

(a) Selection of r\ for V R /V. c^, 0.25. 

(b) Optimum size of openings c^, 0.25; V R /v, 0.27. 
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table to accompany figure 4. 



[All dimensions are in percent c] 
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Table to acoompany figure &. 
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